Sequence-specific DNA-binding proteins must quickly and reliably localize specific target sites on DNA. This search process has been well characterized for monomeric proteins, but it remains poorly understood for systems that require assembly into dimers or oligomers at the target site. We present a single-molecule study of the target-search mechanism of protelomerase TelK, a recombinase-like protein that is only active as a dimer. We show that TelK undergoes 1D diffusion on non-target DNA as a monomer, and it immobilizes upon dimerization even in the absence of a DNA target site. We further show that dimeric TelK condenses non-target DNA, forming a tightly bound nucleoprotein complex. Together with theoretical calculations and molecular dynamics simulations, we present a novel target-search model for TelK, which may be generalizable to other dimer and oligomer-active proteins.
INTRODUCTION
Many essential cellular processes depend on protein-DNA interactions at specific sequences in the genome. Sequencespecific proteins (SSPs) must quickly and reliably localize target sites that are typically only a few base pairs in length among kilobases of non-target genomic DNA. Several studies of the interaction of SSPs along DNA have revealed some aspects of the mechanism by which target-finding occurs (1) (2) (3) (4) . According to current models, a protein binds and scans non-target regions of DNA by 1D diffusion facilitated by 3D hopping, until the protein identifies its target sequence (5) (6) (7) .
Most studies till date have focused on the target search mechanism of a particular class of sequence-specific proteins. Experimental and theoretical studies of target search have mainly considered proteins that are either monomeric [e.g. certain restriction enzymes such as FokI and mismatch repair proteins such as MutH and T4 endonuclease V, DNA repair protein hOgg1 (8) (9) (10) (11) ], or when oligomeric, pre-assembled in solution [e.g. BbvCl, LacI repressor, EcoRV, EcoRI, Msh2-Msh6, MutS, Mlh1-Pms1, p53 (12) (13) (14) (15) (16) (17) ]. These examples bind DNA and locate a target site as a single functional unit. Many proteins, however, function exclusively as dimers or oligomers at a target site, but they are monomeric in solution, only assembling into higher-order complexes on DNA. Such proteins are ubiquitous in the cell, and they are involved in a range of cellular functions, including DNA repair, replication, transcription and translation (18) (19) (20) . Common examples of such proteins include certain recombinases, select type II and III restriction enzymes, transcription factors, integrases, DNA-repair proteins and signal transducers (20) (21) (22) (23) . Despite the abundance of cellular proteins that must dimerize or oligomerize onto DNA in addition to identifying a target site, little work has been done to understand the complete mechanism by which they localize both their target sequence and protein partner(s). An exception is type III restriction endonucleases (4, 24) , in which two distinct protein monomers find two separate target sites by a facilitated 1D diffusion and then use sliding to assemble a higherorder complex on the DNA.
Proteins that must assemble higher-order complexes on single target sites must not only locate their DNA *To whom correspondence should be addressed. Tel: +1 217 333 6501; Fax: +1 217 244 7187; Email: ychemla@illinois.edu target sites but must also find their protein partner(s). This added complexity gives rise to new questions: How do two protein monomers find each other? Is dimerization required for target-site specificity, or do individual monomers hold the capacity to identify a target sequence? Do protein monomers or dimers undergo 1D diffusion? If proteins diffuse in 1D as monomers, what happens if two proteins encounter each other along non-target DNA? Answers to these questions may provide a comprehensive model for the target-search process of dimer-active proteins.
In the prokaryotic organism Klebsiella oxytoca, protelomerase TelK is a protein that is encoded by the lysogenic phage K02 on infection. Unlike the other well-known lysogenic phages, whose DNA is integrated into the Escherichia coli chromosome, the phage K02 DNA instead forms a linear plasmid with hairpin ends. Replication of this linear plasmid generates catenated genomes that are resolved by TelK (25) . The protein localizes two 56-bp target sequences at opposite poles of the DNA circle replication intermediate, and it generates hairpin-capped ends via site-specific excision, strand exchange and re-ligation. TelK-induced DNA hairpin formation occurs independently of adenosine triphosphate (ATP) or other cofactors such as Mg 2+ , and TelK is a single-turnover protein (25) . TelK shares sequence and structural homology to tyrosine recombinases (Y-recombinases) and type IB topoisomerases (26) . The crystal structure of TelK538, a truncation mutant of wild-type TelK, complexed with a 44mer target-DNA substrate shows two tightly bound TelK monomers that form the active dimer oriented head-to-head on the dyad symmetric DNA target site. Dimerization induces a sharp 73 bend in the DNA substrate (26) . Although TelK is known to be a monomer in solution, target-sequence activity requires TelK to dimerize at its target site in the correct head-to-head orientation (25) , making it an ideal protein for the study of target-search by SSPs that assemble into higher-order complexes on DNA.
To understand the target-site search mechanism for this protein, we studied the interaction of TelK with both DNA lacking and containing the target sequence. Through a combination of single-molecule experiments-including total internal reflection fluorescence microscopy (TIRFM) and optical trapping (27, 28) -and theoretical analysis in the form of molecular dynamics (MD) simulations (29) and stochastic simulations, we determined the novel search mechanism TelK uses to identify its DNA target site. As a monomer, TelK undergoes 1D diffusion along non-specific DNA, and it is able to bind to the target site preferentially. There, the target-immobilized monomer waits for a second binding partner to form an active protein complex. Surprisingly, if two monomers coalesce on non-target DNA, they also immobilize and condense DNA. This transient tight-binding is reversible; non-target bound dimers will eventually dissociate into monomers along DNA or into solution. We propose this target-search model for TelK may be applicable to other proteins that are active as dimers or oligomers at DNA target sites.
MATERIALS AND METHODS

DNA synthesis
TIRFM non-target DNA substrate A 48-kb DNA molecule with biotin at both ends was synthesized by filling in the cos ends of -DNA with biotinylated dNTPs. Briefly, 1 mg of -DNA (D1501, Promega, Madison, WI, USA) was incubated at room temperature for 10 min with 1 U of DNA Polymerase I Large Klenow Fragment (M0210S, NEB, Ipswich, MA, USA) and 40 mM of dATP, dGTP, dTTP (R0141, R0171 and R0161, respectively; Fermentas, Glen Burnie, MD, USA) and biotinylated dCTP (19518-018, Invitrogen, Carlsbad, CA, USA). The reaction was stopped by heating for 10 min at 75 C and run through a Qiagen polymerase chain reaction (PCR) purification kit (28104, Qiagen, Valencia, CA, USA) with a 50 -ml DNA elution volume.
TIRFM target DNA substrate
The target DNA substrate for use in our TIRFM assays was synthesized based on the 2.9-kb origin pSKN plasmid harbouring the TelK target site, and the 6.9-kb integration vector of Bacillus subtilis, pKSV7 (30) , plus an unrelated 4-kb fragment from phage G of Bacillus megaterium (31) . These plasmids were built by enlarging the parent pSKN (25) with non-E. coli sequences to 12.9-kb length to span across the TIRFM glass pedestals.
Optical trap non-target DNA substrate A 3.4-kb DNA molecule with a single biotin and digoxigenin at each end was synthesized by amplifying a segment of the pBR322 DNA plasmid (Fermentas, Glen Burnie, MD, USA). A 5 0 -biotinylated forward and a 5 0 -digoxigenated reverse PCR primer (Integrated DNA Technologies, Coralville, IA, USA) was used for amplification along with a high fidelity Phusion PCR kit (F-513S, Finnzymes, Woburn, MA, USA). Subsequent DNA purification was performed with a Qiagen PCR purification kit (28104, Qiagen, Valencia, CA, USA) with a 50-ml DNA elution volume. The purity of the DNA product was confirmed by running an agarose gel.
TIRF microscopy
TIRFM instrument
We used a total internal reflection fluorescence microscope as previously described (32) . A spot-fitting algorithm allowed for nanometre-scale localization of the fluorescent spot position, as previously detailed (33) .
Quantum dot labelling of TelK
Full-length TelK640 (referred to as TelK in the text) was purified using a previously established protocol (25) . This full-length wild-type TelK was used for all TIRF and optical trap experiments. TelK contained a 6-amino acid N-terminal His tag. To label TelK, we incubated the protein with a 10Â excess of Anti-His quantum dots (QDs) (Qdot 565 Antibody Conjugation Kit, Invitrogen, Carlsbad, CA, USA, Q22032MP) on ice for 2 h and re-suspended the solution in a total volume of 20 ml of 1Â TelK buffer (20 mM of Tris-HCl, 50 mM of potassium glutamate, 1 mM of Dithiothreitol, 0.1 mM of ethylenediaminetetraacetic acid). We estimated a QD labelling efficiency of $84%, measured by an agarose gel-shift assay comparing the mobility of DNA, DNA+TelK and DNA+QD-TelK (Supplementary Figure S1a) . The activity of QD-labelled TelK was shown to be unaffected by QD labelling when compared with unlabelled protein, as shown by agarose gel electrophoresis (Supplementary Figure S1b) .
TIRF chamber design DNA bridges were formed on an etched glass surface with glass pedestals measuring 1 mm in height and separated by 7 mm (Institute of Microchemical Technology, Kanagawa, Japan) using a modification of a previous design (34) . A circular glass coverslip (26022, Ted Pella, Redding, CA, USA) was placed on two 50-mm thick plastic spacers flanking the glass grating, such that a 50-mm wide channel was formed over the glass surface. The channel was filled with buffer using a pipette from one end, and a kimwipe (Kimberly-Clark, Irving, TX, USA) on the opposite end to create fluid flow through the channel. A solution of 33 mM neutravidin in water (Thermo Scientific, Waltham, MA, USA) was flowed in and was allowed to adsorb onto the glass surface for 5 min. The neutravidin was rinsed with phosphatebuffered saline (PBS). Twenty microlitres of an 80 nM solution of biotinylated -DNA (see DNA synthesis, 'Materials and Methods' section) was flowed in and, subsequently, rinsed with PBS. A pre-determined concentration of QD-labelled TelK was flowed in and incubated for 5 min with the DNA bridges. The unbound labelled TelK was rinsed from the channel with deoxygenated TelK buffer. Deoxygenation was achieved by adding an oxygen scavenging system (100 nM of glucose oxidase, 1.5 mM of catalase, 56 mM of glucose) to TelK buffer. The 50-mm plastic spacers were removed, leaving behind $50 nm of fluid between the glass pedestals and the coverslip surface to allow TIRF illumination. The coverslip was then sealed to the etched glass slide using nail polish before imaging.
Mean square displacement and diffusion coefficient analysis Continuous image sequences were acquired for up to 50 s at 100 ms per frame. For each trajectory, the mean square displacement (MSD) of the spot was calculated. The diffusion coefficient (D) for each TelK spot was determined by fitting the first 0.6 s of the MSD versus time plot to a line through the following relation: MSD ¼ xðtÞ À xð0Þ 2 D E ¼ 2Dt, as in previous studies (15, (35) (36) (37) . Mobile spots showed linear MSD versus time traces (Supplementary Figure S3a) characteristic of Brownian 1D diffusion. An offset at t = 0 because of the small thermally driven longitudinal motion of the DNA bridges was most apparent for stationary spots (Supplementary Figure S3b) , which exhibited far smaller MSDs than mobile spots. Stationary spots showed a linear MSD versus time regime but also exhibited deviations from linearity after $1 s consistent with confined diffusion (38) .
Optical trap
The dual-trap optical tweezers set-up has been described in detail previously (39) . Briefly, the instrument consisted of two optical traps generated by two orthogonally polarized beams from a single 5-W, 1064-nm fibre coupled laser (YLR-5-1064-LP; IPG Photonics, Oxford, MA, USA). The position of one trap relative to the other was controlled by a piezoactuated mirror stage (Nano-MTA-2; Mad City Labs, Madison, WI, USA). A custom flow cell served as the experimental trap chamber, and it could be displaced relative to the two traps in all directions by a three-axis translational stage (ESP300; Newport, Irvine, CA, USA). Optical trap microspheres were prepared according to previously published protocols (40) . Deoxygenated TelK buffer, prepared as described in the TIRFM 'Materials and Methods' section, was used for all optical trap experiments.
Optical trap experiments were performed in a laminar flow chamber, made by cutting flow channels into parafilm, which was then melted between two glass coverslips. This chamber is designed to enable control of DNA tether exposure to a set concentration of protein. Two streams, one containing buffer only, the other containing a pre-determined concentration of TelK, were flowed side-by-side at 100 mm/s using a syringe pump (702000; Harvard Apparatus, Holliston, MA, USA). A $200-mm boundary between the two streams was thus created. Tethers were formed in the protein-free buffer stream and, subsequently, moved to the TelK stream within 2 s.
Calculation of expected TelK-induced DNA condensation step size
We calculated the expected condensation step size of the DNA substrate in our optical trap assays based on a previously described model (41). This model takes into account three contributions to the change in free energy when DNA-binding proteins bend DNA: (i) the increase in distance between adjacent base pairs because of applied tension F; (ii) DNA kinking by angle induced by the protein; and (iii) DNA bending and end-to-end shortening beyond the protein-binding site:
where (lÁa) = 56 Â 0.34 nm = 19.04 nm represents the length of DNA contacted by TelK, = 73 is the kink angle, L p = 50 nm and K = 1100 pN are the persistence length and the stretch modulus of DNA under optical trap conditions, respectively (deoxygenated TelK buffer; 'Materials and Methods' section), k B is Boltzmann's constant and T is the absolute temperature. The expected change in DNA extension as a function of tension was determined from the derivative of the free energy with respect to force. For the average tension at which tethers are held in the optical trap of 5.2 ± 1.3 pN, the expected DNA condensation of 7.5 ± 0.4 nm, is in excellent agreement with our average observed large step size of 7.2 nm.
Molecular dynamics simulations
An active but C-terminally truncated TelK mutantTelK538, the same protein used in crystal structureswas used for all MD simulations, complexed to a 44-bp DNA substrate containing the TelK target sequence. Five atomic models of TelK-DNA were built based on a crystal structure of a TelK538 dimer complexed with double-stranded DNA (Protein Data Bank entry code 2V6E): (i) a TelK538 dimer bound to target DNA; (ii) a TelK538 dimer bound to non-target DNA; (iii) a TelK538 monomer bound to target DNA; (iv) a TelK538 monomer bound to non-target DNA; and (v) a TelK538 dimer without DNA. Non-target DNA was simulated by mutating nucleotides that make contacts with TelK538 in the crystal structure; the mutated sites are shown in Supplementary Figure S2 . The topology file of DNA and protein along with the missing hydrogen atoms was generated using the psfgen plug-in of VMD (42) . Each complex was placed in a water box with 0.15 mol/l of NaCl. The total size of the simulated systems lies in the 270 000-350 000 atom range.
Simulations were carried out using the program NAMD 2.8 (43) with the CHARMM27 force field for DNA (44), the CHARMM22 force field for proteins with CMAP corrections (45) and the TIP3P water model (46) . Periodic boundary conditions were applied, and the Particle Mesh Ewald method (47) was used to calculate full electrostatic interactions. The van der Waals (vdW) energy was calculated using a smooth cut-off of 12 Å . The system temperature was maintained at 295 K using a Langevin thermostat that was applied only to the oxygen atoms of water with a damping coefficient of 0.1 ps À1 (48). All systems were energy minimized for 8000 steps and heated to 295 K in 4 ps. After that, systems were subjected to a 500 ps isothermal-isobaric (NPT) equilibration with the protein backbone constrained and a 2 ns canonical ensemble (NVT) equilibration without constraint before production runs. Finally, an 80 ns production run in an NVT ensemble was performed for each system (Supplementary Table S1 lists all simulations). Data analysis of MD trajectories and snapshots of the molecular structures were realized with VMD (42).
Stochastic simulations
Stochastic simulations were performed to determine the first passage times for TelK dimerization and targetfinding as a function of occupancy of TelK on DNA. Custom MATLAB code was used to implement the simulations. We assumed an L = 3.4-kb-long (1.156-mm) molecule of DNA-the same length as that used in the optical trap measurements-which contained the target sequence at its centre. Reflecting boundary conditions were applied. TelK monomers were modelled as point particles and randomly assigned uniformly along the DNA. Particles were allowed to diffuse in 1D with coefficient D = 1.8 mm 2 /s and dissociate with rate constant k off = 0.24 s À1 , average values corresponding to those determined from the TIRFM experiments for TelK monomers. New particles could also bind to the DNA with a preset rate constant k on . Binding and dissociation established a steady-state occupancy of TelK on DNA determined by
During the simulations, particles were advanced incrementally until two particles came into contact anywhere along the DNA and dimerized (defining the first-passage time t dimer ) or until a protein monomer came into contact with the target site (defining t target ). Dimers were assumed to be immobile and not to dissociate. Each simulation was run 100 times for 100 000Â 0.1 s time steps, for each of several DNA occupancies, which was achieved by varying k on over the range 0.0015-4 s À1 to cover experimentally observed occupancies.
RESULTS
TelK exhibits two distinct modes of interaction to non-target DNA
We first investigated the interaction between TelK and non-target DNA. We used TIRF microscopy to image individual QD-labelled proteins on linearly extended DNA that lacked the TelK target sequence. This was achieved by depositing 48.5-kb end-biotinylated -DNA across neutravidin-coated pedestals etched in a glass surface ('Materials and Methods' section; Figure 1a ). These formed extended DNA 'bridges' with which QD-TelK interacted. The etched glass chamber was then sealed with a glass coverslip, and TIRF imaging was achieved by creating an evanescent light field through this coverslip. TelK640 (the full-length wild-type 640 amino acid protein henceforth referred to as TelK) was labelled with anti-histidine conjugated QDs with an $84% labelling efficiency ('Materials and Methods' section; Supplementary Figure S1a and b). Control assays showed that QDlabelled TelK displayed comparable activity to unlabelled TelK in bulk (Supplementary Figure S1c) . Before a typical measurement, QD-labelled TelK was flowed into the chamber and left to incubate with the DNA bridges for 5 min to allow TelK to bind to the DNA bridges. Unbound TelK and free QD were, subsequently, rinsed away with a small volume (50 ml) of imaging buffer (20 mM of Tris-HCl, 50 mM of potassium glutamate, 1 mM of Dithiothreitol, 0.1 mM of ethylenediaminetetraacetic acid, 100 nM of glucose oxidase; 1.5 mM of catalase; 56 mM of glucose; 'Materials and Methods' section) to reduce the fluorescence background. A low background concentration of TelK remained in solution throughout the experiment because of unbound protein not removed during rinsing and from dissociation of bound protein from DNA.
The positions of individual protein units on DNA were tracked by Gaussian-fitting the fluorescent intensity (33) . In Figure 1b , a kymograph of TelK's motion along DNA shows Brownian 1D diffusional motion along the DNA backbone as TelK searches for a target site. However, we also observed a stationary mode of TelK interaction with non-target DNA. The same fluorescent spot is observed to switch abruptly from a 'mobile' mode undergoing rapid 1D diffusion to a clearly distinguishable 'stationary' mode. Intensity analysis of the mobile and stationary part of the trace reveals that the mobile part of the trace is roughly half as bright as the stationary part of the trace (Figure 1c) . Also, QDs are known to exhibit 'blinking' behaviour, where the QD fluorescence intensity stochastically switches on and off (49) . In our image analysis, we defined blinking spots as those whose intensity dropped to zero for at least one frame (0.1 s). In Figure 1b , the mobile part of the trace shows on/off QD behaviour, whereas the stationary part of the trace does not blink off. Based on their intensity and on/off behaviour, we deduced that the mobile part of the trace represents the motion of a single labelled TelK monomer, whereas the stationary and non-blinking part of the trace represents two TelK proteins within a diffraction limited spot, presumably from binding of a second TelK monomer in solution.
We performed this TIRFM assay over a range of TelK concentrations from 70 to 1350 nM. Analysis over many DNA bridges revealed a clear bimodal distribution in the population of fluorescently labelled protein, showing species of mobile and immobile spots (Figure 1d ). Mobile spots diffused rapidly along DNA with an average diffusion coefficient D = 0.74 ± 0.1 mm 2 /s [mean ± standard error of the mean (SEM)], whereas stationary spots had a diffusion coefficient of (3.0 ± 0.4) Â 10 À4 mm 2 /s (mean ± SEM). Diffusion coefficients were calculated by fitting the linear part of the fluorescent protein's MSD dependence on time ('Materials and Methods' section and Supplementary Figure S3) . Based on the bimodal distribution of diffusion coefficients (Figure 1d ), a cut-off of D $ 0.01 mm 2 /s was used to classify spots as mobile or stationary. In a subset of movies, we observed stationary fluorescent spots stuck to the glass pedestals. When available, these reference spots were also tracked. The mean diffusion coefficient from reference spots was D $ 1 Â 10 À4 mm 2 /s, providing an estimate of the instrument noise and of the sensitivity limit of our measurements. Subtracting the reference spot motion from the DNA-bound TelK positions had only a negligible effect on our estimates of the diffusion coefficients. Beyond differences in mobility on DNA, mobile spots dissociated from the DNA at a rate of k off = 0.24 ± 0.07 s
À1
(mean ± SEM), whereas most (88%) stationary spots remained stably bound for the duration of the TIRFM experiments (typically 50 s; i.e. k off < 0.02 s À1 ) (Figure 1d ). On occasions, stationary spots were observed to dissociate from DNA (12%) or separate into two mobile spots (2%), and a small fraction of mobile spots were observed to coalesce into an immobile spot (2%) (Supplementary Figure S4) .
As in Figure 1b , overall protein mobilities displayed a distinct correlation between TelK diffusion coefficient and QD fluorescence behaviour. All mobile diffraction-limited fluorescent spots showed blinking behaviour, compared with only $14% stationary spots (Figure 1d ). This analysis strongly suggests that TelK monomers are able to exhibit the characteristic 1D diffusion of SSPs with non-target DNA, but that dimerization (or oligomerization) between TelK monomers causes 1D diffusion to cease. We attribute the small 14% fraction of blinking spots belonging to the stationary population to the $16% unlabelled 'dark' protein from our QD labelling (Supplementary Figure S1a and b) .
Trajectories such as that shown in Figure 1b demonstrate that a minimum of two TelK proteins are sufficient to cause the protein immobilization on the -DNA bridges. In most cases, we were not able to observe directly a switch from the mobile to stationary state. However, most of the stationary spots observed under low-TelK concentration (0-200 nM) exhibited the same characteristic fluctuating pattern in fluorescence intensity as the dimer in Figure 1b and c (81%). As TelK concentration was increased (>400 nM), we observed an increasing number of trajectories ($85%) exhibiting multiple plateaus in fluorescence intensity, which we attributed to higher-order (>2) TelK assemblies within a diffraction-limited spot. We believe these results are consistent with monomeric TelK being mobile and dimers being stationary, although larger aggregates are possible and may also lead to immobilization. Because TelK is functional as a dimer, our results strongly suggest that the active state of the protein is not competent to search for the target site.
Dimer-induced condensation of non-target DNA by TelK causes protein immobilization
What is the mechanism for the observed dimer immobilization? Crystal structures of the TelK dimer in complex with target DNA indicate a conformation in which monomer-monomer contacts and a tight interaction to the target sequence kink the DNA by an angle of 73 (26) . Dimer immobilization observed in our TIRF measurements suggests that similar monomer-monomer contacts may also be responsible for dimer immobilization on non-target DNA. To test this hypothesis, we next used an optical trap to probe the TelK-DNA conformation on an extended DNA molecule. Using a previously established protocol ('Materials and Methods' section), a 3.4-kb DNA molecule lacking the target sequence was tethered between two microspheres held in two optical traps. The DNA tether was held at a low force [5.2 ± 1.3 pN, mean ± standard deviation (SD)] comparable with that experienced by the extended DNA bridges in the TIRF assay (3.1 ± 2.7 pN, mean ± SD.; 'Materials and Methods' section; Supplementary Figure S5 ). For our optical trap assay, we designed a sample chamber that allowed us to control when a DNA tether was exposed to TelK (Figure 2a ). Chambers were designed with two main parallel channels, one containing protein-free buffer, the other with a fixed concentration of TelK ('Materials and Methods' section). A laminar flow of 100 mm/s created a $200-mm boundary between the two channels. This design allowed us to move a DNA tether from the flow channel containing protein-free buffer through the buffer boundary into the second channel containing TelK within 2 s.
Despite the absence of the TelK target site on the DNA, we repeatedly observed the DNA end-to-end extension to decrease by a few nanometres on exposure to TelK (blue traces, Figure 2b ). These condensation events were transient with an average dwell time of 22 ± 6 s (mean ± SEM) and occurred repeatedly at TelK concentrations ranging Figure 2b ). Our ability to control when DNA was first exposed to TelK allowed us to measure accurately the time to the first condensation event. As expected, this first condensation time was strongly dependent on TelK concentration (green data points, Figure 2c ), indicating binding of one or multiple TelK to the DNA. In contrast, the average condensed state lifetime and the time between subsequent condensation events were independent of TelK concentration (blue, red data points, Figure 2c) , indicating that the same individual TelK complex was responsible for those condensation events. At high (>200 nM) concentrations of TelK, we mostly observed multiple simultaneous condensation events that were indistinguishable from each other. Therefore, we restricted our analysis to tethers showing individual separate condensation steps.
The size of these individual condensation events was determined with a step-finding algorithm (50) . The step-size distribution for DNA condensation by TelK is displayed in Figure 2d . Condensation behaviour is expected as a result of TelK dimer formation at the DNA target site, as the 73 bend of the target DNA observed in crystal structures condenses the DNA, reducing its end-to-end extension. However, DNA condensation in the absence of the target site is not expected. The observed condensation in the optical trap measurements suggests that the same dimer-DNA conformation may be adopted on non-target DNA.
To test this suggestion, we performed a series of MD simulations to study the interaction of (i) a TelK dimer with target DNA, (ii) a TelK dimer with non-target DNA and (iii) a TelK monomer with non-target DNA. The simulations reveal that dimers induce near identical bend angles ($70 ) onto DNA with and without the target sequence (Supplementary Figure S2) . We used the bend angle observed in these MD simulations to estimate the change in DNA end-to-end extension as a result of TelK dimerization on the non-target DNA substrate used in our optical trap assays. We compared the extension of the condensed DNA to that of linearly extended DNA taking into account the bend angle observed in the MD simulation, the DNA elastic properties and the force at which the tether was held in the optical trap (41) ('Materials and Methods' section), as shown in Figure 3a . Based on this calculation, we expect a condensation step size of 7.5 nm at a tension of 5.2 pN. As shown in Figure 2d , the observed step-size distribution is bimodal, with one peak at 7.2 nm, in excellent agreement with the prediction. This result indicates that a significant fraction of condensation events observed correspond to formation of DNA-TelK dimer complexes similar to those seen in crystal structures. Simulations of a TelK monomer binding to non-target DNA further show that the monomeric form of TelK is unable to bend DNA as a dimer does. Instead, monomeric TelK interaction with DNA results in a large decrease in the bend angle (Figure 3b) . A histogram of the end-to-end distance of the 44-bp DNA substrate shows significant condensation in the case of the TelK dimer, but on average no condensation for a TelK monomer on non-target DNA (Figure 3c) . MD results provide strong support for the claim that the condensation events observed in the optical trap measurements correspond to TelK dimerization.
As shown in Figure 2d , the condensation step-size distribution displays a second peak at 4.5 nm, corresponding to $50% of all observed condensation events. This suggests that TelK condensation may have two distinct tight-binding conformations on non-target DNA. Unfortunately, MD simulations do not reproduce this feature within the simulation time frame, instead producing only a single condensed conformation. We speculate that the smaller step may result from misoriented dimers that meet along the DNA (Supplementary Discussion). Such a conformation would not be observable with MD simulations, which start from the correctly oriented DNA-TelK crystal structure.
MD simulations also show that the TelK centre of mass (CoM) dislocation along the axis of non-target DNA is greater for monomeric TelK than for dimeric TelK (Figure 4a) . A similar mobility discrepancy is observed for the rotational motion of TelK around the DNA axis; the TelK monomer is able to rotate around DNA more readily, whereas a TelK dimer does not rotate (Figure 4b) . Together, these simulations suggest that TelK dimers exhibit tight-binding behaviour on DNA, resulting in limited translocation along the DNA backbone. In contrast, TelK monomers exhibit higher mobility along DNA because of weaker binding interactions.
Monomeric TelK bind preferentially to the target DNA sequence
The experiments and simulations above establish that TelK dimers become immobilized on non-target DNA, yet likely form complexes that are close to those depicted in crystal structures of TelK on target DNA. If dimers form tightly bound and immobile complexes on non-target DNA, how is target search accomplished? To answer this question, we performed TIRF assays with 12.8-kb DNA bridges containing a single TelK target site located near the centre of the molecule ('Materials and Methods' section). The concentration of TelK was varied from 70 to 1350 nM as for the TIRF assay with -DNA bridges [despite the presence of a target sequence, we did not observe cutting of the DNA bridges by TelK. We attribute this to an inhibitory effect because of the tension applied on the DNA molecule when stretched over the TIRF chamber glass pedestals (Supplementary Discussion)] . Across all assayed TelK concentrations, we observed a preference for TelK binding to the centre of the target DNA substrate, compared with random TelK binding along non-target -DNA (Figure 5a and b) . We also observed mostly dimers (non-blinking spots) at the target site (78%). To determine whether dimers or monomers confer targetsite specificity, we considered a subset of our data by comparing only DNA tethers that showed one single blinking fluorescent spot per molecule of extended target or non-target DNA. For all singly occupied DNA bridges containing the target sequence, all observed blinking fluorescent spots were located at the target site, indicating that monomeric TelK has a binding preference for the target site. Based on the TelK-QD labelling efficiency, we are confident that at least 84% of these spots are monomers. Importantly, none of these blinking spots at the target site underwent 1D diffusion [D = (3.8 ± 0.4) Â 10 À5 mm 2 /s; mean ± SEM]. In contrast, blinking singly occupied -DNA bridges lacking the target sequence did not display a binding site-preference along the DNA, and the single QD-TelK underwent 1D diffusion (0.88 ± 0.10 mm 2 /s; mean ± SEM, comparable with that obtained for all mobile spots on non-target DNA).
Our TIRF results are supported by MD simulations of a single TelK monomer on target and non-target DNA substrates. Monomers along target DNA exhibited greater stability than monomers along non-target DNA. As shown in Supplementary Figure S7a and b, the contact area and number of hydrogen bonds between a TelK monomer and target DNA remain constant during simulations, whereas both decrease in simulations of TelK monomer-non-target DNA complexes. MD simulation results indicate that TelK monomers have an increased affinity for the target sequence.
Repeating the optical trap experiments with DNA containing the TelK target site, we again observed repeated condensation of the DNA. The average condensation dwell time was 21 ± 2 s (mean ± SEM), with an average step-size of 7.7 ± 0.2 nm (mean ± SEM; Supplementary Figure S6 and Supplementary Discussion), in good agreement with the value measured with non-target DNA. Interestingly, we observed less of the 4.5-nm condensation events, which we attributed to misoriented dimers. We speculate that the presence of the target site may bias dimer formation into the more 'proper' configuration consistent with crystal structures.
DISCUSSION
The process by which site-specific proteins find their DNA target sites has remained poorly characterized for proteins that are functional on DNA as dimers or higher-order protein complexes but are monomeric in solution. Our TIRF studies demonstrate that TelK diffuses in 1D as a monomer along non-target DNA, yet becomes immobile as it encounters its target sequence. Therefore, monomer target-site immobilization confers specificity for TelK dimerization at the target site. MD simulations confirm experimental observations of monomer target-site specificity and provide molecular details of TelK's interactions with target versus non-target DNA (Supplementary Figure S7) . We also showed that TelK dimers become stationary and condense non-target DNA in our TIRF and trap measurements. However, protein immobilization on non-target DNA is intuitively counter-productive for the localization of the DNA target site, as it truncates the search process prematurely. Similarly, non-target DNA condensation is unexpected for a protein requiring sequence specificity for activity because condensation is usually predicted to occur at the target site before catalytic activity (51) .
We suspect condensation and immobilization may be essential target-search features for proteins that must assemble into oligomeric complexes on DNA and that require more complex mechanisms for target-site identification than monomeric or pre-assembled SSPs. DNA bending has been thought to occur exclusively at target sites for sequence-specific protein-DNA systems. Only at the target-site do protein-DNA electrostatic interactions become maximized, and catalysis occurs hand-in-hand with DNA topological distortions (41). However, as has been previously suggested for certain SSPs (52), a protein's ability to bend DNA indiscriminately may aid target-site identification. Erie et al. suggest that dimer-active proteins may bend DNA to 'test' their compatibility with that particular DNA sequence via protein-DNA and proteinprotein interactions (53) . Transcription factor HoxD9 has also been shown by Clore et al. (54, 55) to bind non-target DNA with the same affinity and in the same binding mode as target-DNA as a means of enhancing the rate of target identification. Dimer-active proteins such as TelK may use this mechanism to maximize their electrostatic contacts with the DNA during their 'sampling' state, not only during site-specific catalysis.
Our optical trap data may provide some support for a 'sampling' mechanism in TelK. The mean dwell time of the condensation events (22 ± 6 s; mean ± SEM) in the trap measurements is noticeably shorter than the immobilized-state lifetime observed in our TIRF experiments, which spanned minutes (Figures 1d and 2c) . However, the time between condensation events was independent of TelK concentration, suggesting that a single intra-molecular dimerization event was responsible for multiple sequential condensation and de-condensation events. We suspect this indicates that a TelK dimer may repeatedly attempt to bend its DNA substrate.
If non-target DNA condensation occurs too readily, it may significantly slow or inhibit target-finding and substrate formation. At first glance, it may seem that two monomers will find each other more quickly on DNA abundantly coated with protein, when in direct competition with the process of finding a target site. However, through stochastic simulations ('Materials and Methods' section), we show there is a wide range of conditions over which target localization occurs more rapidly than dimerization. Our simulations use experimentally measured kinetic parameters for TelK monomer unbinding (k off = 0.24 s À1 ) and diffusion (D = 0.74 mm 2 /s) (for simplicity, dimers were assumed to be immobile and to remain stably bound). Varying the average protein occupancy (the mean number of TelK monomers per DNA molecule), we calculated the rate of dimerization k dimer on non-target DNA versus the target-finding rate k target .
In comparing the two competing processes of protein dimerization versus protein target-finding, two regimes were observed as shown in Figure 6b . At low-TelK occupancies, the rate for target-site identification was significantly higher than for dimerization. However, at high occupancies, dimerization occurred faster than target-finding. This can be conceptualized by considering two competing processes: a monomer finding a target site versus a monomer finding another monomer. For a DNA molecule coated with N monomers, on average, the minimum inter-monomer distance scales as 1/N 2 (Supplementary Discussion). Conversely, on average, the distance between a target site and the closest monomer scales as 1/N. As a result, the rates at which TelK diffuses over those distances depend differently on the number of proteins on DNA. When diffusion is the rate-limiting step to dimerization or target finding, k dimer scales as N 4 , whereas k target scales as N 2 , as seen in Figure 6b (at low TelK levels, the rate-limiting step is binding of TelK rather than diffusion, and k dimer scales instead as N 2 ). The net result is that, at low-protein concentrations, the rate for a protein to diffuse to a target site is consistently higher than a protein diffusing into another protein. At high-protein concentrations, where the occupancy of protein along DNA is large, dimerization is faster than target localization.
TelK's host organism, Klebsiella oxytoca, is believed to maintain a cellular TelK copy number <20 for a $52-kb genome, or less than one dimer per 5 kb of DNA (data not published). These estimates are firmly placed in the low-occupancy regime predicted in our simulations.
Therefore, we expect that target-site localization occurs faster than dimerization at biologically relevant TelK concentrations, allowing non-target DNA condensation to provide site-specificity in dimer-active proteins without hindering the kinetics of target sequence localization. Our simulations would also predict that the activity of the protein should decrease at high concentrations because of inhibition of target finding by immobile dimers. This is consistent with the observation of TelK inhibition at high TelK concentrations (>400 nM) in bulk (Supplementary Figure S8) . A target-search mechanism in which protein dimers immobilize along non-target DNA is thus viable provided the DNA is sparsely coated. Based on our results, we propose a mechanism for dimer-active TelK in which target site identification occurs primarily by protein monomers diffusing to the target and preferentially binding to the target sequence, followed by dimerization at the target site.
The results of our kinetic simulations in principle can be compared with our optical trap data. As DNA is exposed to TelK at a well-defined time in our optical trap assay, we can measure directly the time for the first DNA condensation event (the first passage time) as a function of TelK concentration. Using our TIRF assay to calibrate occupancy on DNA against TelK incubation concentration ('Materials and Methods' section; Supplementary Figure S9) , we compared our theoretical and experimental dimerization rates. The measured first passage times in our optical trap yield average rates (0.02-0.21 s À1 ) in good agreement with dimerization rates obtained in our simulations (0.02-0.11 s À1 ) for comparable mean occupancies (<N> = 0.4 À 0.8). This agreement further supports our dimer-active protein model for target search.
The literature to-date suggests an all-encompassing model for protein target-search in which proteins scan non-target DNA in their fully functional form (5, 12) . However, our studies of protelomerase TelK, a protein that is functional only as a dimer, reveal that additional À4 mm 2 /s) that 'test' their substrate by condensing the DNA transiently. Eventually, dimers on non-target DNA dissociate or separate into mobile monomers again (rate < 0.01 s À1 ). (b) Implementation of kinetic model in (a) via stochastic simulations using experimentally derived kinetic parameters. Average rates for first dimerization k dimer (blue, black), and first target localization k target (red) as a function of average protein occupancy, <N>, on DNA. For mean occupancies >1, target-finding and dimerization rates obey simple scaling laws of N 2 and N 4 , respectively. For mean occupancies <1, dimerization follows of N variables must be taken into consideration when describing target-search mechanisms for proteins that assemble into dimer-active complexes on DNA. Although 1D scanning is a fundamental characteristic of target search by SSPs, we show that, for the dimer-active protein TelK, scanning only occurs as a monomer, and immobilization occurs when it forms a tightly-bound dimer on DNA or localizes the target sequence as a monomer. We speculate that the target-search mechanism proposed as a result of this work is extendable to several different protein families that share characteristics with TelK, such as those that assemble higher-order complexes onto their DNA target sites. Future studies of other members of the recombinase protein family will further our understanding of this novel target search mechanism, and its applicability to dimer and oligomer SSPs.
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